In order to construct zinc ®nger domains that recognize all of the possible 64 DNA triplets, it is necessary to understand the mechanisms of protein/DNA interactions on the molecular level. Previously we reported 16 zinc ®nger domains which had been characterized in detail to bind speci®cally to the 5 H -GNN-3 H family of DNA sequences. Arti®cial transcription factors constructed from these domains can regulate the expression of endogenous genes. These domains were created by phagedisplay selection followed by site-directed mutagenesis. A total of 84 mutants of a three-domain zinc ®nger protein have been analyzed for their DNA-binding speci®city. Here, we report the results of this systematic and extensive mutagenesis study. New insights into zinc ®nger/ DNA interactions were obtained by combining speci®city data with computer modeling and comparison with known structural data from NMR and crystallographic studies. This analysis suggests that unusual crossstrand and inter-helical contacts are made by some of these proteins, and the general orientation of the recognition helix to the DNA is¯exible, even when constrained by¯anking zinc ®nger domains. These ®ndings disfavor the utility of existing simple recognition codes and suggest that highly speci®c domains cannot be obtained from phage display alone in most cases, but only in combination with rational design. The molecular basis of zinc ®nger/DNA interaction is complex and its understanding is dependent on the analysis of a large number of proteins. This understanding should enable us to re®ne rapidly the speci®city of other zinc ®nger domains, as well as polydactyl proteins constructed with these domains to recognize extended DNA sequences.
Introduction
Work from our laboratory and others has shown that the malleability of the zinc ®nger motif may be exploited to create new sequence-speci®c DNAbinding domains (Segal & Barbas, 2000) . We have also shown that these domains can be assembled modularly into polydactyl proteins capable of targeting unique sequences in the human genome with a high level of af®nity (Beerli et al., 1998; Segal et al., 1999) , thus laying the foundation for the development of applications such as genespeci®c transcriptional regulators (Beerli et al., 2000) and novel site-speci®c endonucleases (Chandrasegaran & Smith, 1999) . However, in order for us to develop applications that depend on the reliable and reproducible targeting of any sequence with a high degree of speci®city, the underlying principle of DNA recognition within this class of proteins must be further explored. The assembly of polydactyl proteins from modular building blocks requires that each subunit performs its task independently. Therefore, each zinc ®nger domain must be optimized.
A single zinc ®nger domain consists of approximately 30 amino acid residues with a simple bba fold stabilized by hydrophobic interactions and the chelation of a single zinc ion (Brown et al., 1985; Lee et al., 1989; Miller et al., 1985) . Presentation of the a-helix of this domain into the major groove of DNA allows for sequence-speci®c base contacts. Among the many thousands of zinc ®ngers which have been identi®ed, the most studied scaffolds for building proteins of novel speci®city have been the murine transcription factor Zif268 and the structurally related human transcription factor Sp1. The structure and binding speci®city of both proteins have been well studied (Desjarlais & Berg, 1992; Elrod-Erickson et al., 1996; Narayan et al., 1997; Pavletich & Pabo, 1991; Swirnoff & Milbrandt, 1995) . The Zif268-DNA complex structure suggested speci®c roles for each residue in the recognition helix (Figure 1 ). With respect to the start of the a-helix, positions À1, 3 and 6 (AA
À1
, AA 3 , AA 6 ) were generally observed to contact the 3 H , middle, and 5
H nucleotides, respectively of a base triplet. Positions À2, 1 and 5 are often involved in direct or water-mediated contacts to the phosphate backbone. Position 4 is typically a leucine residue that packs in the hydrophobic core of the domain. Position 2 has been shown to interact with other helix residues and with bases depending on the helical protein sequence and operator DNA sequence. Its interaction with DNA, when observed, is almost always a cross-strand contact to a base outside the canonical three-nucleotide site (Elrod-Erickson et al., 1996; Isalan et al., 1997; Pavletich & Pabo, 1991) . However, the most distinguishing attributes of Zif268 and Sp1 are their relatively limited inter-domain cooperative binding interactions (that is to say, each domain recognizes predominately its cognate three-nucleotide site) and that all three domains interact with the DNA in essentially the same way. This is true for modi®ed Zif268 or Sp1 domains generated by selection (Elrod-Erickson et al., 1998) or rational design (Kim & Berg, 1996) . Crystallographic determination of the structures of these mutant proteins bound to Figure 1 . Cys 2 -His 2 zinc ®nger proteins contact DNA with the N terminus of their a-helix. (a) Three rotational views of the three-®nger Zif268-DNA complex (Elrod-Erickson et al., 1996) . Fingers 1 (red), 2 (blue) and 3 (green) primarily contact one DNA strand (orange) with occasional contacts to the other strand (brown). Phosphate groups (gray) and zinc ions (yellow) are shown. (b) Cartoon of the protein/DNA interface. Amino acid positions À1 through 11 of the a-helix are labeled (b-carbon atoms green). Residues involved in speci®c base contacts are highlighted with circular labels. DNA base-pairs are depicted as blocks. The canonical three-nucleotide subsite and one adjacent base-pair are shown, with the 5 H , middle and 3 H nucleotides of the heavily contacted strand labeled. (c) An axial view of the a-helix.
their operator DNAs reveals that reorientation of the helix relative to the DNA is sometimes required to achieve the appropriate interactions, but the roles of the amino acid residues are essentially unchanged.
These features have allowed us to construct highly speci®c polydactyl zinc ®nger proteins based on the Zif268 and Sp1 protein scaffolds (Beerli et al., 1998 (Beerli et al., , 2000 . The domains used for their modular assembly were selected by phage display and optimized by rational design (Segal et al., 1999) . In this study we report on the systematic modi®cations that were required to optimize the domains that recognize the 5 H -GNN-3 H set of DNA sequences. This study attempts to balance the information obtained by crystallographic and NMR studies, in which the elements of speci®city for a few helices are investigated in great detail by providing speci®city data on 84 closely related helices. Novel interactions, such as cooperativity between positions 2 and 3, are discussed and supported by computer modeling. Overall, our results support the notion that neither selection by phage display nor rational design applied alone are capable of producing domains with speci®city suf®cient for the practical application of zinc ®nger technology.
Results

Recognition of the GNG family of DNA sequences
In a previous study, three-®nger proteins, in which six residues (helical positions À1, 1, 2, 3, 5, and 6) of ®nger 2 had been randomized, were displayed on bacteriophage and selected for binding to DNA targets containing all members of the 5 H -GNN-3 H family of sequences in the ®nger-2 recognition subsite (Segal et al., 1999) . The binding speci®city of the new three-®nger proteins were then rigorously investigated using a multi-target speci®city assay (described previously by Segal et al. (1999) ). Several ®nger-2 domains showed high-level speci®city, while others showed some degree of cross-speci®city. The ®rst to be addressed was the phage-selected helix for 5 H -GGG-3 H recognition, RSD-H-LTR (corresponding to helical positions À1, 1, 2, -3-, 4, 5, 6), since this differed from the well-characterized Zif268 ®nger-2 helix (RSD-H-LTT) by only a change of Thr 6 to Arg 6 . Arg 6 restricted 5 H -nucleotide recognition from thymine and guanine (Figure 2(a) , white bars) to exclusively guanine (Figure 2(b) , white bars). However, both domains were still promiscuous for binding adenine or guanine residues in the middle nucleotide position; 5 (Figure 2 (a) and (b), black bars).
Rational modi®cation by site-directed mutagenesis was employed to attempt to eliminate the crossreactive binding. The promiscuity for adenine and guanine of the Zif268 ®nger 2 has been noted by others (Swirnoff & Milbrandt, 1995) and results from the ability of His 3 to make hydrogen bonds to either adenine or guanine (Figure 3(b) and (d) (Figure 2 (c)) (Segal et al., 1999) . A further Thr 5 to Val 5 substitution was made to assess the ability to use LVR as a common motif to recognize a 5 H guanine. This substitution had no negative effect on binding (Figure 2(d) ). The phage-selected helix for 5 H -GAG-3 H , RSD-N-LRR, displayed modest crossreactivity with all of the GNG set of targets (Figure 2(e) ). Because Asn 3 Figure 2 . Multi-target speci®city assay for helices recognizing 5 H -GNG-3 H . At the top of each graph is the recognition helix for a ®nger-2 protein (positions À1 to 6). Position 3 is¯anked by dash marks (-) for clarity. Black bars represent target oligonucleotides with different ®nger-2 subsites: GGG, GGA, GGT, GGC, GAG, GAA, GAT, GAC, GTG, GTA, GTT, GTC, GCG, GCA, GCT, GCC. White bars represent oligonucleotide pools with a unique 5 H nucleotide in their ®nger-2 subsite: GNN, ANN, TNN, CNN. The height of each bar represents the relative af®nity of the protein for each target, averaged over two independent experiments and normalized to the highest signal among the black or white bars. Error bars represent the deviation from the average.
Zinc Finger/DNA Recognition of 5 0 -GNN-3 0 DNA Sequences was unanimously selected in all our pannings to recognize a middle adenine residue, no modi®-cation was attempted at this position. Instead, we reasoned that Arg 5 might be making non-speci®c contacts to the phosphate backbone of the DNA, in analogy to Lys 5 in ®nger 5 of TFIIIA (Nolte et al., 1998) . Indeed, changing Arg 5 to Val 5 reduced the background of non-speci®c binding, although the binding to the 5 H -GNG-3 H targets remained essentially unchanged (Figure 2(f) ).
The data thus far suggested that 5 H -GNG-3 H recognition could be achieved using a common helix, RSD-X-LVR, using the appropriate residue in position 3 to recognize the middle nucleotide. Several different position-3 residues had been selected during phage display against targets containing a middle pyrimidine nucleotide. Unfortunately, speci®city analysis revealed strong crossreaction with all 5 H -GNG-3 H targets, regardless of whether position 3 was Ala, Asp, Glu, Ser, Thr, or Val (Figure 2 (g)-(l)).
The edges of purine bases present two hydrogen bond donors or acceptors in the major groove, whereas those of pyrimidines present only one ( Figure 3 ). One explanation for the strong crossreactivity is therefore that recognition by these proteins is dominated by the strong bidentate arginine-guanine interactions on the 5 H and 3 H bases and not in¯uenced by pyrimidine interactions at the middle position. This possibility was investigated in two ways. The ®rst was an attempt to disrupt the strong Arg À1 /Asp 2 interaction. However, substitutions of Asp 2 to Ala 2 ( In a second strategy, Arg À1 or Arg 6 was substituted by a lysine residue. Lysine had been selected in these positions to recognize guanine in previous studies (Choo & Klug, 1994b; Isalan et al., 1998; Jamieson et al., 1994; Wu et al., 1995) . However, exchanging Arg À1 with Lys À1 produced ®ngers of poor speci®city, regardless of whether the position 3 residue was Ala, Asp, Ser, Thr, or Val (Figure 4 (c)-(g)). Previously, we described a ®nger (KSA-D-LKR) containing Lys À1 that was selected for high-af®nity binding to GCG in the ®nger-1 position (Wu et al., 1995) . Surprisingly, this helix bound to 5 , Lys 6 produced ®n-gers similar to those containing Arg 6 . Lys 6 has been observed to bind 5 H guanine in a number of zinc ®nger co-crystal structures, including those of TFIIIA (Nolte et al., 1998) , GLI1 (Pavletich & Pabo, 1993) , and a designed protein (Kim & Berg, 1996) . Unfortunately, Lys 6 did not provide improved speci®city with Ala, Asp, Glu, Asn, Ser, Thr, or Val in position 3(data shown only for Asp 3 and Glu 3 , Figure 4 (k) and (l), respectively). These results disfavor the use of Lys À1 or Lys 6 .
Recognition of the GNA family of DNA sequences Gln À1 was unanimously selected in all our phage-display experiments to recognize a 3 H adenine base (Segal et al., 1999 ). Our investigation of 5 H -GNA-3 H recognition therefore focused on the in¯uence of position 3 in the context of various combinations at positions 1 and 2. We were also interested to know if a common motif could be used for 5 H -GNA-3 H recognition, similar to that found for GNG.
The helix that was phage-selected to recognize 5 H -GAA-3 H , QRS-N-LVR, showed crossreactivity with 5 H -GAT-3 H ( Figure 5(a) ). Using similar reasoning applied to the 5 H -GAG-3 H case described above, we mutated the presumptively phosphate-contacting Arg 1 to Ser 1 . This resulted in slightly more Recognition of the GNC family of DNA sequences
, and Gly À1 were selected during phage display using targets with a 3 H cytosine (Segal et al., 1999) . One goal was therefore to investigate if a common residue in position À1 could be used to specify a 3 H cytosine residue. The helix that was phage selected to recognize 5 H -GAC-3 H , DPG-N-LKR, showed moderate crossreactivity with 5 H -GAT-3 H (Figure 6(a) ). Substituting Val 5 for Lys 5 reduced crossreactivity (Figure 6(b) ). The resulting helix, DPG-N-LVR, was similar to the highly speci®c phage-selected helix for 5 H -GTC-3 H , DPG-A-LVR (Figure 6(c) ), suggesting that DPG-X-LVR could be a 5 H -GNT-3 H recognition motif. DPG-H-LVR proved highly speci®c for 5 H -GGC-3 H ( Figure 6(d) ). In this case the speci®city was better than that of the phage-selected helix, ERS-K-LAR (Figure 6 (e)). It is instructive to note that the intermediate steps between these latter two helices Recognition of the GNT family of DNA sequences
Thr
À1 and Ser À1 were most commonly selected during phage display for targets containing a 3 H thymine (Segal et al., 1999) . The phage-selected helix, TSG-N-LVR, showed high-level speci®city for 5 H -GAT-3 H (Figure 7(a) ). Because many of the other 5 H -GNT-3 H phage-selected helices showed poor speci®city (Segal et al., 1999) , TSG-X-LVR was tested as a possible 5 H -GNT-3 H recognition motif. TSG-H-LVR (Figure 7(b) ) was more speci®c for 5 H -GGT-3 H than the phage-selected TAD-K-LSR (Figure 7(c) ), which, in fact, preferred 5 H -GGG-3 H . TSG-E-LVR (Figure 7(d) ) seemed modestly more speci®c for 5 H -GCT-3 H than the phage-selected SSQ-T-LTR (Figure 7(e) ). The helix QSS-D-LVR ( Figure 5(g) ) originally constructed to study GCA recognition binds GCT with a speci®city approximating TSG-E-LVR (Figure 7(d) ). However, recognition of 5 H -GTT-3 H proved to be problematic. The phage-selected helix, TSG-S-LTR, preferred other 
SSS-S-LVR bound nearly every target (data not shown).
His and Lys in position 3
As discussed previously (Segal et al., 1999) (Figure 8 (a) and (b)), although the latter helix preferred 5 H -GAG-3 H . In addition, preference for 5 H -GGC-3 H was observed regardless of whether the residue in position 2 was Ala, Ser, or Gly, and, surprisingly, regardless of whether the residue in position À1 was Q, or T (Figure 8(c)-(h) ). In the presence of Asp 2 , Lys 3 is observed to only specify middle guanine, as seen in RSD-K-LVR (Figure 2(d) ) and TAD-K-LVR (Figure 8(j) ). Compare also TAD-H-LVR (Figure 8(i) ) with TAD-K-LVR (Figure 8(j) ) and note the middle guanine and adenine binding of TAD-H-LVR.
Discussion
The goal of this study was to investigate zinc ®n-ger recognition of the 16-member family of 5 H -GNN-3 H DNA sequences in order to understand better zinc ®nger/DNA-binding mechanisms. Phage-display studies and the rational design of mutant zinc ®nger domains were used to accomplish this goal. About half of the phage display selected domains showed exquisite binding speci®city and therefore did not require optimization. The others domains required optimization to some extent. In the worst case, three ®nger-2 domains that were selected to recognize one target, actually preferred binding to a different target. Others have reported similar results (Choo & Klug, 1994a; Wolfe et al., 1999) , suggesting that inappropriate selection might be a common occurrence in phage display experiments of zinc ®nger proteins. Therefore, the speci®city of novel binding domains created solely by selection, and any``recognition codes'' derived from such data, must be regarded with caution.
Here, we examined the binding speci®city of 84 ®nger-2 mutants of the 3-®nger protein C7 (Wu et al., 1995) , a derivative of Zif268. The speci®city of each mutant domain was examined for its ability to bind each of the 16 5 H -GNN-3 H ®nger-2 subsites. This approach is arguably more informative than the multiplex target analysis performed by others (Choo & Klug, 1994a; Desjarlais & Berg, 1994) , since our method can potentially distinguish, for example, recognition of only 5 H -GGC-3 H and 5 Figure 8 (b) for example). From these data we have shown that many seemingly benign or conservative substitutions can sometimes have dramatic and unexpected affects on sequence speci®city. Consider that the recognition helix QSS-H-LVR (Figure 8(e) ) binds 5 H -GGA-3 H but QSS-K-LVR (Figure 8(f) ) binds 5 H -GGC-3 H . Note that``the code'' predicts that both proteins would bind GGA. Helix position 3 was not expected to in¯uence recognition of the 3 H nucleotide, and Gln À1 , which had been selected unanimously to recognize a 3 H adenine, failed to specify 3 H adenine in the domain containing Lys H -GCT-3 H , also despite the presence of Gln À1 . Finally, recognition of GTT was improved by the substitution of valine for threonine in position 5 (Figure 7 (f) and (g)), which was not expected to contact any base, and GCR-E-LSR Zinc Finger/DNA Recognition of 5 0 -GNN-3 0 DNA Sequences (Figure 6(l) ) is highly speci®c for a 3 H cytosine, although Gly À1 would not be expected to interact speci®cally with any base.
The fact that these results are at all surprising only highlights the need for a more detailed understanding of zinc ®nger:DNA interactions. We therefore submit that a major conclusion from our study is that, currently, the best way to make novel domains of high af®nity and speci®city is by selection, followed by rigorous analysis and optimization involving large sets of mutants. This paradigm is similar to that of the immune system, in which antibodies are selected from the immune repertoire and then optimized through somatic hypermutation. However, our data also suggest some novel interactions, and we offer our speculation on the molecular basis for the observed DNA-binding speci®cities.
Lessons from the GNG set: interactions of Asp 2 and Lys 3 Lys 3 seemed to specify only middle guanine in the presence of Asp 2 but seemed to direct recognition towards 5 H -GGC-3 H when position 2 was not an aspartate residue. An explanation for the restricted activity of Lys 3 in the presence of Asp 2 can be gained from computer modeling. The structure of Zif268 in complex with its operator DNA served as a basis for modeling. A single amino acid residue replacement in ®nger 2, Thr 6 3 Arg, and one nucleotide replacement, 5
H thymine 3 guanine, produced a model for recognition helix RSD-H-LTR (Figure 9(a) ). Other amino acid residues and nucleotides were substituted based on this framework to explore potential interactions.
The NMR structure of TFIIIA shows that lysine residues in the recognition helix can undergo dynamic conformational¯uctuations . A reasonable explanation for the speci®city of the Asp 2 /Lys 3 combination is therefore that Asp 2 draws the e amino group of Lys 3 towards its carboxyl oxygen atom, allowing Lys 3 to hydrogen bond with both Asp 2 and O6 of the middle guanine base (Figure 9(b) ). Since adenine has an amino group in position 6, an Asp 2 /Lys 3 interaction would explain the exclusion of middle adenine by the helix RSD-K-LVR (Figure 2(d) ). In the absence of Asp 2 , Lys 3 may be less restricted. Computer modeling suggests the ability of Lys 3 to interact with O6 of a guanine based-paired to a 3 H cytosine (Figure 9(c) ), which might account for the increased recognition of 5 H -GGC-3 H by these helices (Figure 8 ).
Lessons from the GNG set: recognition of middle pyrimidines Despite considerable effort, no helices were found that could recognize 5 H -GTG-3 H or 5 H GCG-3 H exclusively. The 5 H -GNG-3 H crossreactivity was somewhat surprising because our phage-display experiments showed a strong selection of Ser 3 and Thr 3 for the recognition of 5 H -GTG-3 H or 5 H -GCG-3 H , respectively (Segal et al., 1999) . These data also reinforce our position that not all phage-selected sequences are in fact optimal, even when there is a strong consensus sequence in the selected clones.
It is also instructive to note that ®nger 1 and 3 of Zif268, RSD-E-LTR and RSD-E-RKR, respectively, have been shown to be fairly speci®c for GCG (Swirnoff & Milbrandt, 1995; Wolfe et al., 1999) , and do not signi®cantly crossreact with 5 H -GAG-3 H . However, in the ®nger 2 position RSD-E-LVR binds 5
H -G(A/T)G-3 H (Figure 2(i) ). This observation suggests that the speci®city of a ®nger might change if it is put in a different position. Terminal ®ngers can cross the major groove in ways the middle ®nger cannot (Nolte et al., 1998; Wuttke et al., 1997) . Local DNA structure may also affect speci®city. The extent to which such effects may impact the use of these domains as modular building blocks is currently being investigated by target-site selection assays on novel, multi-®nger proteins.
Lessons from GNA: Gln À1 flexibility allows multiple interactions
Gln
À1 has been observed structurally to make bidentate hydrogen bonds with adenine (ElrodErickson et al., 1998; Kim & Berg, 1996) , similar to the interaction of asparagine shown in Figure 3 (c). Although this interaction is obvious chemically, one must consider that a fully extended glutamine residue is approximately 2 A Ê shorter than an extended arginine residue (Nardelli et al., 1992) . Therefore, in comparison with a helix containing Arg
À1
, the Glu À1 /3 H adenine interaction requires the reorientation of the a-helix with respect to the DNA. Such a reorientation might in¯uence other interactions along the helix, such as at positions 2 and 3.
It is therefore particularly interesting that, in sharp contrast to the 5 H -GNG-3 H situation, QSS-S-LVR ( Figure 5(c) ) was able to achieve highly speci®c recognition of a middle thymine, even in the context of two potential double hydrogen bond interactions with the 5 H and 3 H nucleotides. A computer model of this interaction was constructed based on crystallographic data by Pabo and coworkers, in this case QSG-S-LTR bound to 5 et al., 1998) . However, our model of QSS-S-LVR bound to 5 H -GTA-3 H (Figure 9(d) ) does not fully explain the impressive speci®city observed here. Perhaps more surprising was that changing Ser 3 to Asp 3 , which produced the anticipated recognition of middle cytosine (Figure 3 (e) and (g)), produced the unexpected recognition of 3 H thymine ( Figure 5(g 
)). Recognition of 3
H thymine has been reported frequently for helices containing Gln À1 (Desjarlais & Berg, 1994; Nardelli et al., 1992) . A clue as to why this might occur derives from the observation that changing Ser 2 to Gly 2 restores recognition to primarily 3 H adenine (Figure 5 (f) and ). The hydroxyl group of Thr 5 in ®nger 2 of the Zif268 crystal structure is more than 5 A Ê from any part of the DNA, but is within hydrogen bonding distance of the backbone oxygen atom of the position 2 residue. The in¯u-ence of position 5 seems only important in rare instances, perhaps when the overall af®nity is low or when other helix-stabilizing factors are absent.
Conclusions
The modeling presented in this study suggests that the orientation of the recognition helix relative to the DNA is a critical determinant of speci®city. Our data supports and extends the concept that the long side-chains of amino acid residues such as arginine, lysine and glutamine permit multiple interactions. The speci®city of short chain amino acid residues such as aspartate or threonine seems largely a consequence of helical orientation. However, our ability to understand and describe the molecular aspects of recognition is limited due to the paucity of knowledge concerning the factors that govern helical orientation, sequence-speci®c DNA structure and the positioning of the nucleotides relative to the helix, and the positions and roles of ordered water molecules. For example, structural studies have shown that the position of the DNA bases changes in different structures. Although clearly affecting speci®city, changes to local DNA structure could not be incorporated into our models due to insuf®cient information regarding the restrictions of base positioning. Speci®city also needs to be considered in the context of af®-nity. Generally, af®nity was correlated with the number of hydrogen bonds. Loss of af®nity due to the accommodation of unfavorable interactions was proposed to explain the observed low af®nity of helices recognizing 5 H -GNC-3 H and 5 H -GNT-3 H . More work will be required to determine if the structural elements proposed by the models and the assertions that underlie them are in fact real. This information will come not only from more structural and speci®city studies, but also from the formation and testing of speci®c hypotheses. Nonetheless, it is clear that zinc ®nger recognition of DNA is substantially more complex than a simple one to one amino acid to base code.
Methods and Materials
Site-directed mutagenesis Mutants of the internal ®nger of a three-®nger protein (®nger-2 mutants) were constructed by PCR. A helix-2-speci®c forward primer and a standard back primer were used to amplify ®ngers 2 and 3 of the three-®nger protein C7 (Wu et al., 1995) from a modi®ed pMAL-c2 vector (New England Biolabs). The fragment was then used to replace the wild-type ®ngers 2 and 3 of C7 by cloning into unique NsiI and SpeI restriction sites. The H -GTAAAA-CGACGGCCAGTGCCAAGC -3 H .
